Double strand breaks (DSBs) are deleterious DNA lesions and if left unrepaired result in severe genomic instability. Cells use two main pathways to repair DSBs: homologous recombination (HR) or non-homologous end joining (NHEJ) depending on the phase of the cell cycle and the nature of the DSB ends. A key step where pathway choice is exerted is in the 'licensing' of 5′-3′ resection of the ends to produce recombinogenic 3′ single-stranded tails. These tails are substrate for binding by Rad51 to initiate pairing and strand invasion with homologous duplex DNA. Moreover, the singlestranded DNA generated after end processing is important to activate the DNA damage response. The mechanism of end processing is the focus of this review and we will describe recent findings that shed light on this important initiating step for HR. The conserved MRX/MRN complex appears to be a major regulator of DNA end processing. Sae2/CtIP functions with the MRX complex, either to activate the Mre11 nuclease or via the intrinsic endonuclease, in an initial step to trim the DSB ends. In a second step, redundant systems remove long tracts of DNA to reveal extensive 3′ singlestranded tails. One system is dependent on the helicase Sgs1 and the nuclease Dna2, and the other on the 5′-3′ exonuclease Exo1.
Introduction
DSBs are potentially lethal lesions that can occur spontaneously during normal cell metabolism or by treatment of cells with DNA-damaging agents. DSBs are however normal intermediates in meiotic recombination and in programmed genome rearrangements, such as mating-type switching in budding yeast and V(D)J recombination in lymphocytes. If unrepaired or repaired inappropriately, DSBs can lead to mutagenic events such as chromosome loss, deletions, duplications or translocations. Several highly conserved proteins are recruited to DSBs for checkpoint activation and subsequent repair by non-homologous end joining (NHEJ) or homologous recombination (HR). NHEJ involves the religation of the two ends of the broken chromosome and can occur with high fidelity, or be accompanied by gain or loss of nucleotides at the junction [1] . HR relies on the presence of a homologous duplex to template repair of the broken chromosome. Several sub-pathways of HR have been defined; these include DSBR, SDSA and SSA (Figure 1) . At the molecular level, all three mechanisms are initiated by 5′ to 3′ degradation of the broken DNA ends to create 3′ single-stranded DNA (ssDNA) tails. For repair by DSBR or SDSA, Rad51 binds to the resulting ssDNA tails to initiate pairing and strand invasion with homologous duplex DNA. The 3′ end from the broken chromosome is used to prime leading strand DNA synthesis templated by the donor duplex. According to the canonical DSBR model, the other end of the break interacts with the displaced strand from the donor duplex (D-loop) to prime DNA synthesis from the other end of the break [2] . During SDSA, the invading strand that has been extended by DNA synthesis is displaced and anneals to complementary sequences exposed by 5′-3′ resection of the other side of the break [3, 4] . The remaining gaps can be filled by DNA synthesis and the nicks ligated. Under some circumstances a broken chromosome may present only one end for repair, for example, when a telomere becomes uncapped and is degraded. The chromosome end can then invade homologous sequences and initiate DNA synthesis from the site of strand invasion to the telomere, a process known as break-induced replication [5] . Single-strand annealing (SSA) is restricted to DSBs that occur within a repeat or between direct repeats. Rad52 anneals complementary single-strand regions revealed by extensive resection of the DNA ends. The 3′ single-strand tails are removed by the Rad1/10 nuclease, together with Slx4 and Saw1, and the resulting gaps/nicks filled by DNA repair synthesis and ligation [6] . This process is accompanied by deletion of one of the repeats and the intervening DNA is therefore considered to be mutagenic.
A key step in HR is the generation of ssDNA, the substrate for Rad51 binding to initiate homologous pairing and strand exchange, and for Rad52-mediated annealing [7] . Mounting evidence indicates that ssDNA is also an important stimulus for activating the DNA damage response (DDR) and arresting the cell cycle in response to DNA damage [8] . In a reciprocal manner, checkpoint proteins not only recognize ssDNA but affect the rate at which ssDNA arises, suggesting that the DDR regulates accumulation of ssDNA and it does so by regulating the activity of various nucleases [9] . This review will focus on nucleases that participate in processing of DNA ends at DSBs to generate recombinogenic 3′-ssDNA tails in the model organism Saccharomyces cerevisiae, with reference to other organisms where applicable.
DSB formation and processing in meiosis: why, when and how?

Initiation of meiotic recombination
During meiosis in most sexually reproducing organisms recombination establishes a physical connection between homologous chromosomes that allows them to orient properly on the spindle and to segregate accurately at the first division. To initiate meiotic recombination, SPO11-dependent programmed DNA DSBs are formed at 150-200 sites within the genome [10, 11] . SPO11 encodes a meiosis-specific endonuclease with homology to Top6A, the catalytic subunit of an archaebacterial type 2 topoisomerase [12] . Keeney et al. [13] identified Spo11 as the protein covalently bound to DNA ends at meiotic DSBs in rad50S mutants, providing compelling evidence that Spo11 is the catalytic subunit of the meiotic DNA cleavage activity. It is thought that a tyrosine side chain on Spo11 (Tyr 135) attacks the phosphodiester backbone, generating a phosphodiester linkage between the protein and the 5′ terminal strand, releasing a free 3′-OH terminus. The current model is that a Spo11 dimer coordinately breaks both strands of DNA, creating a DSB with covalent linkages between the newly created 5′ DNA strand ends and the catalytic tyrosine residue on each Spo11 monomer [11] . Spo11 homologs have been identified in many eukaryotes including fission yeast, multicellular fungi, nematodes, fruit flies, plants and mammals, implying that the role of Spo11 in meiotic recombination is highly conserved [10] . Mutations in nine other genes confer a similar phenotype to spo11, suggesting that a multi-protein complex is required to promote the formation of DSBs in meiosis with Spo11 providing the catalytic activity [10, 11, 14] .
Processing of meiotic breaks
Spo11 must be removed from the DSB ends to allow further processing by 5′ to 3′ resection in order to initiate HR. The isolation of RAD50 and MRE11 separation-of-function alleles that result in the accumulation of unresected, Spo11-bound meiotic DSBs suggested a role for the Mre11-Rad50-Xrs2/NBS1 (MRX/MRN) complex in processing of DNA ends during meiosis [15] [16] [17] [18] . The conserved MRX complex influences many aspects of chromosome break metabolism; it is a sensor of DSBs and physically localizes to sites of damage, it activates DNA damage checkpoint signaling cascades, it regulates resection of the DNA ends and also serves as DNA tether (Table 1 ). The existence of structural and functional homologues of Rad50 and Mre11 in all domains of life underscores their universal importance [19] [20] [21] [22] [23] [24] [25] . This review will focus on the nuclease activity of Mre11, after a brief description of the salient features of each member of the complex.
Mre11, Rad50 and Xrs2/NBS1 form a heterotrimeric complex that binds DNA. Mre11 has manganese dependent nuclease activities in vitro, including 3′-5′ ds exonuclease activity and ss endonuclease activity that acts on 5′ overhangs, 3′ flaps and 3′ branches. The observation that ssDNA homopolymers are resistant to cleavage suggests that Mre11 is structure specific and cleaves ssDNA by trapping transient secondary structures that allow the enzyme to cut at the preferred single/double-stranded transition [26] . Mre11 contains five conserved phosphoesterase motifs in the N-terminal region found in the superfamily of phosphodiesterases [7, 21] . Conserved residues within the phosphodiesterase motifs, for example, Asp 16, Asp 56, His 125 and His 213, are required for Mre11 endo-and exonuclease activities in vitro [27] [28] [29] [30] . Mutations that eliminate the Mre11 nuclease activity are generally referred to as mre11-nd (nuclease defective) alleles. Mre11-Rad50 was also found to have weak DNA unwinding (stem-loop opening) activity and to support endonucleolytic cleavage of hairpin ends [22, 29, [31] [32] [33] . Both Rad50 and Xrs2/Nbs1 enhance the nuclease activity of Mre11 in vitro [26, 31, 34, 35] . The C-terminal region of Mre11 has two DNA-binding sites, one of which is essential for Spo11-dependent DSB formation [18, 27, 29] .
S. cerevisiae Rad50 is a 153 kDa protein with homology to E. coli SbcC and belongs to the structural maintenance of chromosomes (SMC) family of proteins [20, 21, 36] . Proteins in this family contain two heptad repeats in their center that fold into a coiled-coil, bringing the Nterminal Walker A and C-terminal Walker B ATPase motifs in close proximity [37] . Mre11 binds to the base of the coiled coil near the Rad50 DNA binding domain forming a Mre11 2 Rad50 2 heterotetramer [38, 39] . The apex of the Rad50 coiled-coil contains a conserved Cys-X-X-Cys motif in a hook-shaped domain that dimerizes with a second hook domain via cysteine-mediated zinc ion coordination ( Figure 2 ) [39] . Crystallographic and scanning EM studies have shown that this hook domain allows dimerization between two MR complexes to tether DNA molecules [37, 39, 40] . Wiltzius et al. [41] showed that hook mutants of Rad50 were deficient in meiotic DSB formation and restoration of dimerization using a conditional dimerization module restored DSB formation. This suggests that the activity of MRX via the Rad50 coiled-coil might bridge sister chromatids in order to establish a proper architecture of the sisters to be cleaved.
The third member of the complex is less well conserved. Xrs2, the yeast component, and Xrs2, the human component, share some common motifs. These include the N-terminal FHA domain, which mediate protein-protein interaction and which binds to phosphorylated H2A, and the conserved C-terminal domain (CCD), which is involved in interaction with Mre11 and contains phosphorylation sites for the checkpoint protein ATM/Tel1 [42, 43] . Mutant studies in S. cerevisiae have shown that the Mre11-Xrs2 interaction is crucial to all functions of the MRX complex [44] .
Role of MRX and Sae2/Com1 in meiosis
The mre11 mutant was first described as meiotic recombination deficient and it was shown that deletion of any member of the MRX complex leads to an absence of meiotic recombination and extremely low spore viability [15, 19, 45] . All three members of the MRX complex are required in addition to the catalytic component Spo11, for the formation of meiotic DSBs in S. cerevisiae [10] . Although the MR complex appears to be universally required for DSB processing in eukaryotes, the function in meiotic DSB formation is not conserved [46] . A specific class of separation-of-function alleles of RAD50 and MRE11, rad50S and mre11S, respectively, were isolated that allow DSB formation by Spo11, but are completely defective for processing of Spo11-induced DSB and thus accumulate unprocessed DSBs with Spo11 covalently attached at their 5′ termini [13, 15, 18] . The mre11-nd alleles allow DSB formation, but prevent removal of Spo11 from DNA ends and subsequent repair demonstrating the importance of the Mre11 nuclease activity for meiotic recombination [17, [27] [28] [29] . The mre11S allele has a mutation in the N-terminal part of the protein, but retains nuclease activity in vitro (E. Morgan and L. S. Symington, unpublished data) [18] . During meiotic prophase, Mre11 was found to transiently associate with DSB specific regions [47] , raising the possibility that MRX plays an architectural role and ensures that the factors required for processing are present at the site of cleavage. All nine different mutations that resulted in the rad50S phenotype mapped to the N-terminus of Rad50 and were located in the vicinity of the Walker A-type ATPase domain of Rad50 [15] . Exactly how these mutations affect the in vitro functions of the Mre11 complex has not been determined. The isolation of null mutations in a different gene, SAE2/COM1, which conferred a phenotype identical to rad50S, suggested that rad50S could be defective in its interaction with the product of that gene.
SAE2/COM1
was discovered in two genetic screens that were designed to isolate meiotic mutants, defective at steps after the initiation of Spo11-induced DSBs, but before resolution of the recombination intermediates [48, 49] . The phenotype of the isolated sae2 null mutant was shown to be identical to that conferred by rad50S and mre11-S/nd alleles; unresected DSBs, absence of homologous recombination, reduced homologous synapsis and weak sensitivity to MMS [48, 49] . The genetic evidence provided the first suggestion that the role of Sae2 may intersect with that of the MRX complex. Since then Sae2 has been considered the unofficial 'fourth member' of the MRX complex.
Recently, Sae2-related proteins were identified in the human, fission yeast, plants and worm. The Arabidopsis thaliana COM1 protein was identified through a sequence similarity search to a set of fungal Com1/Sae2 homologues and was shown to be essential for female and male meiosis. Similarly to S. cerevisiae Sae2, it was shown to act downstream of AtSPO11-1 and upstream of AtDMC1 during meiosis and it was found important for the turnover of AtSPO11-1 and the processing of meiotic DSBs [50] . Alleles of the Caenorhabditis elegans com-1 were first obtained in a screen for maternal-effect embryonic lethality [51] . Characterization of these mutants revealed that C. elegans Com1/Sae2 was required for the processing of meiotic DSBs as well as having a repair function in non-meiotic cells [52] . The fission yeast Ctp1 was identified in a screen for MBF-regulated genes that are periodically transcribed in S phase; ctp1Δ zygotes were found to display severe spore viablitiy defects [53] .
Neale et al. [54] showed that removal of covalently bound Spo11 occurs by endonucleolytic cleavage rather than direct hydrolysis of the covalent protein-DNA linkage. This endonucleolytic cleavage was found to be asymmetric and a few bases away from the break site, releasing an oligonucleotide with Spo11 attached. Removal of Spo11 was shown to be defective in sae2 and rad50S mutants, consistent with the notion that Mre11 and/or Sae2 could mediate endonucleolytic processing.
In view of the behavior of the mre11-nd and rad50S alleles, one hypothesis suggested is that the MRX complex has a role during resection after the initial endonucleolytic removal of Spo11-linked oligonucleotides. This has been difficult to prove because all mre11-nd alleles, which would presumably be defective for resection, are also defective in removing Spo11. However, studies on the repair of an HO-endonuclease induced DSB in vegetative cells have shown that rad50S and mre11-nd strains are proficient in 5′-3′ resection, indicating that this function is likely to be redundant with other nucleases [17, 55] . This does not exclude the possibility that the MRX complex could participate in resection (by recruiting other factors/ nucleases for example), in a manner that is not dependent on its nuclease activities.
Role of Exo1 in meiotic processing
One of the strongest candidates for lengthening of 5′-3′ resection tracts during meiosis is Exo1. Exo1 is a member of the Rad2 family of structure-specific nucleases, which possess 5′-3′ exonuclease and 5′-flap endonuclease activities in vitro [56] . It is highly conserved throughout the eukaryotic domain and is implicated in recombination and mismatch repair in vivo [57] [58] [59] . Exo1 was first purified from S. pombe induced to undergo meiosis, when the Exo1 transcript is induced about 10-fold resulting in a corresponding increase in exonuclease activity [60] . Budding yeast Exo1 and Tosca, the Drosophila homologue, are also induced during meiosis [57, 61] . Although exo1 mutants of S. cerevisiae exhibit reduced spore viability, the pattern of spore viability is similar to mlh1 mutants and is thought to be due to the function of Exo1 in the crossover control pathway [61] [62] [63] .
Physical analysis of meiotic DSBs in exo1Δ mutants showed that they are formed and processed to heterogeneous fragments indicative of resection. In homologous pairing mutants (such as dmc1Δ) that accumulate extensively resected DSB fragments, the extent of degradation was reduced by the exo1Δ mutation, suggesting a possible role for Exo1 in resection of meiotic DSBs [61] . If so, an exo1Δ mutation would be expected to decrease the levels of gene conversion of markers distant from the initiating DSB. However, that was not the case in all studies carried out and a decrease was found at some loci, but not at others, suggesting that the Exo1 effect could be locus specific and/or that Exo1 is redundant with other nucleases [62, 63] .
DSB processing in mitotic DSBs
Formation of mitotic DSBs
Studies of DSB repair in S. cerevisiae have been greatly assisted by the use of megaendonucleases that create a single DSB at a defined recognition site. The best characterized of these endonucleases are HO and I-SceI, which have long nonpalindromic recognition sequences and generate 4 bp staggered cuts with 3′-OH overhangs [64, 65] . The DSB ends formed after the action of these endonuclease have 5′-P and 3′-OH groups suitable for ligation or priming DNA synthesis, and thus have been called 'clean' breaks. DSBs formed after exposure to ionizing radiation (IR), bleomycin or methylating agents can give rise to a variety of chemically heterogeneous ends, including those with modified terminal nucleotides or even protein-DNA adducts, referred to as 'dirty' ends. These ends require processing by nucleases or other DNA modifying enzymes to enable repair by HR or NHEJ.
The role of MRX in processing mitotic DSBs
The RAD50 and XRS2 genes were originally identified in screens for ionizing radiation sensitive mutants. Unlike other IR sensitive mutants, such as rad51, the mrx mutants show higher radiation resistance as diploids, particularly in the G1 phase of the cell cycle, and exhibit a hyper-recombination phenotype in assays that measure spontaneous recombination between chromosome homologues [45, [66] [67] [68] [69] [70] . These phenotypes have been attributed to a defect in sister chromatid recombination. The mrx mutants also show greatly increased rates of spontaneous gross chromosome rearrangements, thought to be a consequence of defective DSBR and checkpoint activation [71] . After the identification and characterization of the rad50S alleles it logically followed that RAD50 might control the 5′-3′ processing of mitotic DSBs. The mrx null mutants exhibit significantly delayed resection of HO-induced DSBs at the MAT locus but do not completely abolish processing and the ability to complete repair by gene conversion [72, 73] . Interestingly, the MRX complex is important for nucleosome eviction from chromatin flanking a DSB by activation of the INO80 remodeling activity, and also interacts directly with the RSC nucleosome-remodeling complex [74, 75] . These interactions with chromatin remodeling complexes may contribute to the role of MRX in resection of DNA ends.
While all of the mre11-nd alleles block meiotic DSB resection, the mre11-D56N, mre11-H125N and mre11-3 alleles confer only mild to intermediate IR sensitivity and do not impair processing of an HO-induced DSB [17, 27, 28, 76, 77] . The mre11-nd alleles (mre11-2, mre11-4 and mre11-58S) that confer sensitivity to IR and MMS comparable to the null allele encode proteins that fail to interact with Rad50 or Xrs2 implying that for mitotic DSB resection, the integrity of the MRX complex is more important than the catalytic activity of the Mre11 nuclease [17, 29, 76, 78] . Although the mre11-D56N mutant shows moderate sensitivity to high doses of IR there is no apparent defect in processing multiple HO-induced DSBs suggesting that the Mre11 nuclease activity is not required for resection of clean DSBs but rather for processing of ends with covalent adducts, such as those created by IR [55] . That the nuclease activity is not required for processive 5′-3′ resection but rather for an initial endonucleolytic clipping of ends is imagined to resemble the initial processing of meiotic DSBs in which Spo11 is released bound to an oligonucleotide [54] . Consistent with the idea that Mre11 is a specialized nuclease capable of removing bulky adducts from DNA ends, E. coli SbcC/SbcD efficiently removes biotin-avidin complexes from the 5′ ends of DNA duplexes in vitro [79] . Moreover, Mre11-dependent removal of terminal protein-DNA adducts was shown to be required for initiating viral concatemerization in adenoviruses, providing further evidence for the Mre11 nuclease in processing terminal DNA adducts [80] .
In contrast to the phenotype in S. cerevisiae, the mre11-H134S (equivalent to Sc mre11-H125N) mutant of S. pombe displays sensitivity to clastogens comparable to that of the null mutant, suggesting that the endonuclease activity is more crucial for repair of DSBs in this organism [81] . However, it should be noted that the mre11Δ mutant of S. cerevisiae exhibits far greater IR sensitivity than the S. pombe mre11Δ mutant [28, 81, 82] . Buis et al. [83] engineered mouse alleles, which either abrogate the nuclease activities or inactivate the entire MRN complex, and found that Mre11 nuclease deficiency phenocopied the absence of MRN in DNA repair but not in ATM activation. The murine Mre11-H129N protein retained Nbs1 and Rad50 interactions, but showed impaired recruitment of RPA and Rad51 into IR-induced nuclear foci, reduced clonogenic survival to IR and etoposide, a 90% reduction in HR repair efficiency, impaired ATR activation, early embryonic lethality and dramatic genomic instability [83] . The strong phenotype caused by Mre11 nuclease deficiency in S. pombe and mammals as compared to S. cerevisiae raises intriguing evolutionary questions. Buis et al. proposed that the lack of endonuclease activity of the human CtIP [84] makes Mre11 the only nuclease of the complex, whereas in budding yeast Mre11 and Sae2 could act redundantly [83] . Alternatively, the initial MRN-CtIP cleavage step of resection might be more important in some organisms than others [85] .
Role of Sae2 in processing mitotic DSBs
SAE2 was detected in a genetic screen aimed at identifying mutants with low fidelity DSB repair during vegetative growth [86] . In this assay, sae2Δ, rad50S and mre11-nd strains accumulate aberrant recombination products that included a large amplification of part of the genomic DNA between inverted repeats. It was suggested that during the course of breakinduced replication, hairpin fold-back structures arise that cannot be processed in sae2Δ, rad50S or mre11-nd strains, leading to chromosomal amplification events [86, 87] . Lobachev et al [88] also reported a role for Sae2 and the MRX complex in processing hairpin-capped ends formed by cleavage of inverted repeats that extrude to form a cruciform structure. sae2Δ, rad50s and mre11-nd strains accumulated chromosomes with hairpin-capped ends at the sites of the inverted repeats, as well as large amplifications of the entire chromosome arm adjacent to the repeats [88] . The similar results from these two studies suggested that Sae2 and the MRX complex, the Mre11 nuclease activity in particular, play a unique role in processing hairpin-containing DNA structures in S. cerevisiae, consistent with previous in vitro studies [26, 33] .
Driven by these observations Lengsfeld et al. [89] tried to address the role of S. cerevisiae Sae2 in hairpin processing using purified proteins in vitro. They made the surprisingly observation that Sae2 itself exhibits endonuclease activity on ssDNA and ssDNA/dsDNA transitions and nuclease activity on ssDNA adjacent to hairpin structures, with the latter being stimulated by the MRX complex [89] . That Sae2 itself possesses endonuclease activity suggested the possibility that Sae2 may play dual roles-as a regulator of Mre11 nuclease function and/or as a nuclease. Unfortunately, an active site for this activity could not be detected and there are no recognizable domains or functional motifs in Sae2. Direct protein-protein interactions between MRX and Sae2 could not be detected in the absence of DNA in vitro, in agreement with what was previously reported by yeast two hybrid studies [90] . Even so, the cooperative DNA binding exhibited by MRX and Sae2, and coimmunoprecipitation of Sae2 with components of the MRX complex only in the presence of DNA, suggest that the proteins might interact on DNA in vivo [89, 91] . The N-terminus of Sae2 contains domains that control Sae2 homotypic interactions and was found to be essential for nuclease activity [89, 91] . The product of a rad50S allele, Rad50-R20M, exhibited a partial deficiency in Sae2 cooperative nuclease activity consistent with the long-suggested notion that the MRX complexes in rad50S strains are impaired in their association with Sae2 [89] . Furthermore, over-expression of Sae2 resulted in partial suppression of the rad50S defect in a single-strand annealing (SSA) assay that requires extensive resection (∼25-kb) of an HO-induced break placed between two direct repeats [92] . In this assay, repair of the DSB was defective in sae2Δ and rad50S strains and formation of ssDNA intermediates was delayed in the sae2Δ mutant [92] .
Lisby et al. investigated the recruitment and association of checkpoint and repair proteins to sites of damage by visualizing the cellular response to DNA damage in living cells, using marked DSBs and fluorescently tagged proteins [93, 94] . They observed that deletion of SAE2 delayed disassembly of Mre11 foci and the subsequent recruitment of Rad52 [93] . Moreover, Sae2 foci appeared at the precise time when Mre11 foci disassemble and Rad52 foci form [93] . The timing and transient nature of Sae2 foci suggested that Sae2 plays a role in the transition from the initial damage recognition to the 5′-3′ resection and recruitment of downstream factors. The kinetics of Mre11 and Rad52 foci formation and disappearance in the nuclease defective mre11-H125N and mre11-D56N cells was similar to that of sae2Δ [93] . In cells treated with IR, the delay in the disassembly of Mre11-H125N foci was increased almost 2-fold compared to the delay observed after an I-SceI induced DSB, consistent with the intermediate sensitivity to IR displayed by the mre11-H125N mutant [28, 93] . This suggests Mre11 is required to act as structure-specific nuclease on aberrant DSB ends generated by IR, which are not formed at I-SceI-induced DSBs. These observations are consistent with the view that the Mre11 nuclease activity is not required for processive resection of the break, but rather for an initial processing, and this processing step appears to be regulated by Sae2.
Sae2 homologs and their role in repair of mitotic lesions
Ctp1, the fission yeast Sae2-related protein, was identified in a screen for cell cycle regulated genes [53] . Unlike the budding yeast sae2Δ mutant, the ctp1Δ mutant phenocopied S. pombe mrn null mutants in sensitivity to DNA damaging agents. Ctp1 was found to localize at DSBs and was required for HR-dependent plasmid integration but not for NHEJ-dependent plasmid recircularization [53] . The vertebrate homologue, CtIP, was first isolated as a binding partner of CtBP (C-terminal region of adenovirus E1A) and BRCA1 [95, 96] . The CtIP C-terminus, which is highly conserved in CtIP related proteins in other vertebrate organisms, and is required for CtIP function in human cells, is weakly conserved in S. cerevisiae Sae2 [84] . In a recent study in which the mitotic role of CtIP was addressed, CtIP depletion caused hypersensitivity to DNA damaging agents, reduced frequency DSB-induced recombination and was shown to physically and functionally interact with the MRN complex [84] . Moreover, it is recruited to DSBs and promotes RPA foci formation and ATR recruitment to the sites of damage [84] . These findings support the general notion that there are conserved roles for CtIP-like proteins in controlling DSB resection, checkpoint signaling and homologous recombination.
Cell cycle control of resection
An important factor governing the choice between DSB repair pathways is the phase of the cell cycle. HR is generally restricted to the S and G2 phases, when DNA has replicated and the sister chromatid is available as a repair template [97, 98] . NHEJ, on the other hand, operates throughout the cell cycle but seems to be more important in G1 [99] [100] [101] [102] . The choice between the two pathways is governed by cyclin dependent protein kinases (CDKs) and several lines of evidence suggested that Cdk1 regulates DSB resection [97, 98] . Cell cycle arrest of budding yeast cells in G1 by mating type pheromone or by inhibition of an analog-sensitive allele of CDC28 (Cdk1) kinase blocks resection and prevents Rad53 phosphorylation in response to a single HO-induced DSB [97, 98] . Sae2 was recently identified as one target of the Cdk1-dependent control of resection. Cdc28 phosphorylates Ser267 of Sae2 in unperturbed cycling cells [103, 104] . Mutation of this site to a non-phosphorylatable residue, S267A, phenocopies sae2Δ, including hypersensitivity to camptothecin, defective sporulation, reduced hairpininduced recombination, impaired DSB processing, persistent Mre11 foci and delayed Rad52 recruitment [104] . A sae2-S267E mutation that behaves as phosphomimic, not only complements these phenotypes but overcomes the necessity of CDK activity for DSB resection [104] . Both mutations modulate the balance between HR and NHEJ during the cell cycle, suggesting that the commitment to DSB resection is highly regulated to ensure that the cell engages the most appropriate DNA repair pathway [104] .
Role of Exo1 in processing mitotic DSBs
The production of 3′ ssDNA after resection of a DSB would presumably require the activity of a 5′-3′ exonuclease and Exo1 as such, appeared as an excellent candidate for the resection nuclease in mitotic cells. As was already discussed, Exo1 was initially purified from S. pombe extracts induced to undergo meiosis, when Exo1 transcription and activity is increased [60] . Exo1 was also purified from mitotic extracts based on the ability to degrade duplex DNA to produce substrates for single-strand annealing [105, 106] . Although the exo1Δ mutant does not show sensitivity to IR, spontaneous deletions between direct repeats are reduced in frequency [105] . Analysis of the kinetics of resection of HO-induced DSBs in the exo1Δ mutant showed there was less resection than in wild-type cells, but this did not impair homologous recombination by gene conversion [55, 107] .
Several studies have suggested that Mre11 and Exo1 have redundant roles in the processing of DSBs in mitotic cells. Over-expression of Exo1 suppresses the DNA repair defect of mre11, rad50 and xrs2 mutants and can partially overcome the mrx defect in resection of an HOinduced DSB [61, 77, [107] [108] [109] . This activity is dependent on the nuclease activity of Exo1, suggesting that Exo1 can take over some functions of the MRX complex [107, 109] . Moreover, exo1Δ mre11Δ double mutants exhibit a synthetic growth defect, are more sensitive to MMS and IR, and display an even longer delay in the processing of an HO-induced DSB than mre11Δ single mutants [61, 107] . In S. pombe, radiation-induced Rad51 foci are not detected in the exo1Δ rad50Δ double mutant consistent with the single-strand tails being very short [82] . While these studies suggest that Exo1 and the Mre11 complex have redundant roles in resection, the exo1Δ mre11-H125N double mutant is more IR resistance than the mre11Δ mutant and has no defect in DSB-induced gene conversion [107] . If Exo1 were the only activity redundant with Mre11, then the exo1Δ mre11Δ and exo1Δ mre11-H125N strains would be expected to exhibit similar phenotypes and this is not the case, suggesting that there is at least one other redundant nuclease required for processing of DSBs [107] . In the absence of Exo1 and Sae2, 5′-3′ resection of DSBs is reduced, but resection and homologous recombination still occur [85, 110] .
Null alleles of genes encoding other members of the Rad2 family of 5′-3′ exonucleases, Rad2, Rad27, Din7 and Yen1, and Pso2 a member of the metallo-lactamase family of proteins, have been examined for resection defects when combined with exo1 and mre11-H125N, but none of these combinations resulted in a further reduction in formation of ssDNA compared with the exo1 single mutant [55, 111] (E. P. Mimitou and L. S. Symington, unpublished data). Moreover, exhaustive screens to look for single viable mutants hypersensitive to IR have been performed, but none of the mutants identified in this screen appeared to be good candidates for involvement in 5′ to 3′ resection [112] .
Exo1 and Sgs1-Dna2 function redundantly in 5′-3′ resection
One possible mechanism for DNA end resection would involve a helicase in conjunction with a single-strand specific endo-or exonuclease. In E. coli the RecQ helicase and the RecJ 5′-3′ exonuclease function in DSB resection in the absence of the dominant RecBCD activity [113] , suggesting the possibility that the yeast RecQ helicase, Sgs1, might also function in DSB resection. An SSA assay (Figure 1 ), requiring extensive resection to allow repair of an ISceI or HO induced DSB, was used address this hypothesis [85, 114] . Although deletion of SGS1 resulted in only a slight delay in repair of repeats located 5-7 kb apart, a greater defect was observed for repeats separated by 25 kb [85, 114] . However, the exo1Δ sgs1Δ double mutant was completely deficient in SSA [85, 114] . In the exo1Δ sgs1Δ double mutant novel intermediates were observed with slightly faster mobility than the DSB cut fragments due to partial resection, and these became smeared over time suggesting slow processing [85, 114] . The resection defect observed for sgs1 was also observed for mutants defective for the Sgs1-interacting proteins, Top3 and Rmi1, suggesting the entire STR complex is required for DSB processing [114] . Although the resection defect in the exo1Δ sgs1Δ double mutant completely abolished repair by SSA, repair by gene conversion was still observed, albeit with reduced efficiency, suggesting that short ssDNA tails are sufficient to initiate Rad51 dependent gene conversion [85] . The resection activity was shown to require the Exo1 nuclease and Sgs1 helicase activities [85, 114, 115] . A role for a RecQ family helicase in resection appears to be conserved in human cells as the mammalian Sgs1 homolog, BLM, was shown to function in a parallel pathway with Exo1 to promote DSB resection [115] . In vitro studies using purified proteins have shown that BLM stimulates Exo1 nuclease activity raising the possibility that Exo1 functions in both Sgs1/BLM dependent and independent pathways [116] .
Because previous studies suggested MRX and Sae2 function in an early processing step, it was logical to ask whether the partial resection observed in the exo1Δ sgs1Δ double mutant requires these factors. The synthetic lethality of sgs1Δ with sae2Δ, and exo1Δ sgs1Δ with mre11Δ or mre11-H125N, necessitated the construction of a conditional allele of SAE2 [85] . Indeed, conditional loss of SAE2 in the exo1Δ sgs1Δ background led to a prominent stabilization of the cut fragment and no apparent gene conversion, confirming the complete block to resection and necessity of resection to initiate Rad51-mediated strand invasion. These observations led to the proposal of a two-step mechanism for DSB resection [85] . The first step is dependent on MRX and Sae2 and results in the endonucleolytic removal of about 50-100 nucleotides from the 5′ end, which gives rise to an intermediate with short 3′ ssDNA tails that is rapidly processed in a second step by either Exo1 or Sgs1 with a single-strand-specific nuclease (Figure 3) . In support of this model, recent studies have shown Mre11-dependent processing of DSBs to form short ssDNA oligonucleotides that stimulate ATM activity [117] . It is likely that the extensive resection after MRX-Sae2 clipping is fast, explaining why the initial processing in mitotic cells had previously escaped detection.
Zhu et al. [114] provided evidence that the nuclease acting with Sgs1 is Dna2. Dna2 is a conserved endonuclease/helicase implicated in Okazaki fragment processing and in DSB and post-replication repair pathways [118, 119] . By monitoring the kinetics of disappearance of an HO cut fragment, or restriction fragments located 3, 10 or 28 kb from the HO cut site, Zhu et al. [114] found that MRX and Sae2 initiate DSB resection and either Sgs1 with Dna2 or Exo1 rapidly degrade 5′ strands to expose long 3′ ssDNA tails. Because the phenotype of the exo1Δ dna2Δ double mutant is similar to the exo1Δ sgs1Δ double mutant, and the sgs1Δ resection defect is indistinguishable from sgs1Δ dna2Δ, it appears that Sgs1-Dna2 function in a parallel pathway to Exo1. However, it remains possible that Sgs1 provides a substrate that can be utilized by either Dna2 or Exo1, as suggested by the in vitro studies [116] . The nuclease activity of Dna2, but not the helicase, was found to be required for DSB resection, consistent with the view that Sgs1 unwinds DNA ends and the Dna2 nuclease removes the 5′ strand. DNA2 has also been identified as a major DSB processing activity in Xenopus egg extracts and is required for an in vitro SSA reaction [120] . Whether Dna2 interacts directly with Sgs1 to promote resection, or is recruited via the interaction with RPA remains to be determined.
That Sgs1 acts at an early step of DSBR was unexpected because genetic studies had implied a role for it after Rad51 action, and biochemical studies have shown the human BLM protein to dissociate D-loops and double Holliday junction intermediates [121] [122] [123] [124] . However, BLM localizes rapidly to sites of laser light-induced DSBs, and Sgs1 has been shown to interact with Mre11 in damaged cells, consistent with an early role in repair [125, 126] . It has been reported that exo1Δ sgs1Δ double mutants show a synergistic increase in the frequency of gene targeting and in short repeat recombination [127, 128] . This effect could be due to the late role of Sgs1 in unwinding recombination intermediates, and/or to the stabilization of linear DNA in the absence of extensive resection.
Regulation of Exo1 activity
Recent studies of human and yeast Exo1 provide insight into how Exo1 activity is regulated. Morin et al. [9] showed that Exo1 is phosphorylated in response to telomere uncapping and DNA damage in budding yeast. The phosphorylation was dependent on Rad9, Rad53, Mec1, the checkpoint clamp loader Rad24 and the Rad17 component of the clamp [9] . Consistent with this finding, Exo1 was identified as a Rad53 target in a proteome-wide screen of proteins phosphorylated in response to MMS [129] . Morin et al. [9] mapped four distinct major phosphorylation sites in the C-terminal half of the protein and constructed Exo1 mutants where all four serines were mutated to alanines (to prevent phosphorylation) or glutamic acids (to mimic phosphorylation). The behavior of the mutants was subtle but indicated that phosphorylation inhibits Exo1 activity in vivo by limiting the accumulation of ssDNA at telomeres and therefore participates in a negative feedback loop to limit DNA damage checkpoint activation [9] . Similar results were obtained from studies on the regulation of the human Exo1 activity. El-Shemerly et al. demonstrated that human Exo1 is phosphorylated by ATR and degraded after treatment of cells with the S phase inhibitor, hydroxyurea [130, 131] .
Rationale for a two-step processing mechanism
Spo11 bound to meiotic DSBs appears to function as a barrier to resection by Exo1 or Sgs1-Dna2, making the initial cleavage by MRX and Sae2 obligatory for DSB processing. Hence rad50S, sae2Δ and mre11-nd mutants, defective in the initial processing step, accumulate unprocessed DSBs and fail to complete meiosis [15, 17, 18, 27, 48, 49] . It is also likely that Spo11-bound ends prevent binding by the Ku heterodimer (composed of Ku70 and Ku80) thus preventing NHEJ and promoting the HR pathway.
In budding yeast, the MRX-Sae2 cleavage step is not essential for processing DSBs generated by endonucleases because mre11Δ, mre11-nd and sae2Δ mutants are able to resect these ends, even though initiation of resection is delayed [17, 85, 92, 93, 100, 114] . In mitotic cells, the Ku heterodimer is thought to bind to duplex DNA ends to protect them from degradation and mediate recruitment of downstream factors, such as the Lif1/XRCC4-Dnl4 complex, involved in NHEJ repair [132] . The MRX complex and Ku compete for DNA end binding because in the absence of Ku, Mre11 binding to ends increases in G1 cells and an increased number of ends initiate resection [100, 102, 133] . Conversely, over-expression of Ku can inhibit Mre11 binding to DSBs and initiation of resection in G2-arrested cells [102] . As mentioned previously, over-expression of Exo1 partially suppresses the IR sensitivity and resection defects of the mre11Δ mutant [61, 77, 107, 109] . One possible mechanism for this suppression is that Exo1 competes with Ku for binding to DNA ends and when present in higher concentration is able to process ends for HR. In budding and fission yeast deletion of YKU70 results in suppression of the IR sensitivity of mre11Δ and ctp1Δ mutants that it is dependent on Exo1, consistent with the view that Exo1 is normally prevented from accessing 5′ ends at DSBs by Ku [53, 67, 82] . All these observations suggest that in the absence of the inhibitory action of Ku, Exo1 is able to access DNA ends without the initial clipping event by MRX-Sae2. The incomplete suppression of the IR sensitivity of mre11-nd and sae2Δ mutants by yku70Δ is most likely due to aberrant ends that require MRX-Sae2 cleavage. In S. pombe and mouse cells the initial processing step by MRN-Ctp1/CtIP appears to be more important for processing "clean" ends than in S. cerevisiae; one possible explanation is that Exo1 competes less effectively with Ku in these organisms. At present we do not know whether Sgs1-Dna2 can access ends made available in the absence of Ku, or whether the MRX-Sae2 processing step yields a substrate for processing by Sgs1-Dna2. Purified BLM and Sgs1 bind poorly to blunt-ended duplex DNA, but can unwind dsDNA with a 3′ tail [134, 135] . The initial processing step by MRX-Sae2 may provide a substrate less suitable for Ku binding thus committing cells to extensive resection and homologous recombination.
Telomeres as DSBs
Telomeres are specialized DNA-protein complexes that define the physical ends of linear chromosomes. By protecting chromosomes from end degradation and end-to-end fusions, telomeres ensure genome stability and chromosome integrity. Their basic structure is conserved among eukaryotes and consists of short tandem DNA repeats, which are G-rich in the strand containing the 3′-end, the G strand. The G strand extends beyond its complementary strand to form a ssDNA overhang, called the G tail [136] . The 3′ overhangs of telomeres could be perceived as intermediates of DSB and if processed inappropriately by the DNA repair machinery would lead to chromosome fusion and/or degradation and cell cycle arrest. Cells therefore have to distinguish telomeres from DSBs by ensuring that different classes of protein bind to telomeric and DSB DNA ends. In S. cerevisiae, this is achieved by multiple telomere binding proteins, including Cdc13-Stn1-Ten1, a ssDNA-binding complex that binds specifically to the G-tails [137] , and the Ku70-Ku80 heterodimer (reviewed in [138] ).
Resection at normal telomeres
The protruding ssDNA G tails play a central role in modulating telomere length, since they serve as a substrate for extension by telomerase (reviewed in [139] . If they were only the result of semi-conservative DNA synthesis, G tails would be expected to be present at only one end of the chromosome, but they can be detected at both ends even in the absence of telomerase [140, 141] . This suggests the C-strand of newly synthesized blunt-ended molecules is actively resected after completion of DNA synthesis. Null mutations in MRX genes result in short telomeres in most genetic backgrounds, and complete loss of telomeric DNA and senescence in one background, implicating the MRX complex in telomere maintenance [61, [142] [143] [144] . MRX/N are required to maintain the wild type length of G tails in both S. cerevisiae and humans [145, 146] . The disruption of the MRX complex does not completely abolish G-tail generation, suggesting the requirement for redundant nucleases [145, 147] . In S. pombe, the dna2-C2 conditional mutant showed a decrease in the amount G-rich overhang in S-phase suggesting one of the redundant nucleases is Dna2 [148] . The MRX complex appears to be the primary factor responsible for single stranded tail generation in a de novo telomere reaction [149] . Diede and Gottschling showed that an HO-induced DSB adjacent to a telomere tract is resected to generate a 3′ ssDNA tail before Cdc13 binding and elongation by telomerase [149] . In this assay mrx null mutants as well as mre11-nd mutants were defective in formation of 3′ ssDNA tails and generation of telomeres in vivo [147, 149] . However, mre11-nd mutants show normal telomere maintenance in cycling cells, suggesting that properties other than the nuclease activity are important to allow resection of telomeric ends [147] . The de novo telomere addition assay is performed in G2 arrested cells and this may explain the complete dependence on MRX for resection.
TEL1 was identified in a screen of yeast mutants that display short telomeres and subsequently shown to encode the yeast ortholog of the ATM kinase [150, 151] . Tel1 is found at telomeres during S phase in an MRX dependent manner and contributes to maintainin proper telomere length via recruitment of telomerase [152] [153] [154] . The role of Sae2/CtIP at telomeres is not clear yet and it would be interesting to see whether it performs functions similar to those observed at DSBs. sae2Δ cells were found to exhibit slightly elongated telomeres and cause further elongation in combination with a mec1 mutation, similar to observations of rad50S cells [91, 144] . In S. pombe, MRN complexes assemble and recruit Tel1 to telomeres in the absence of Ctp1 [53] .
As with DSBs, generation of ssDNA at telomeres requires the activity of CDK. Inhibition of CDK was shown to completely block the addition of telomere repeats in a de novo telomere addition assay and to prevent generation of G strand overhangs [147, 155] . Resection at telomeres, therefore, is limited to late S and G2/M phase, coinciding with a time frame in which the length of G-tails increases and telomerase can elongate telomeric DNA [156, 157] .
Resection at uncapped telomeres
Budding yeast mutants defective in telomere binding proteins are useful for addressing the mechanisms by which checkpoint pathways recognize damaged DNA because in these cells telomeres become potent activators of DNA damage checkpoint pathways. In the temperature sensitive cdc13-1 strain loss of Cdc13 function at the restrictive temperature leads to telomere uncapping, accumulation of ssDNA at the telomeres and Rad9 dependent cell cycle arrest [158, 159] . The Ku complex is also important in telomere capping. Both yku70Δ and yku80Δ mutants display temperature sensitive growth, have short telomeres, accumulate ssDNA at telomeres and display altered telomeric silencing [160] [161] [162] [163] [164] [165] . Furthermore, the Ku complex binds to the telomerase RNA directly and is localized at telomeres [166, 167] . Maringele and Lydall demonstrated that the cell cycle arrest of yku mutants at restrictive temperature is associated with increased levels of ssDNA in subtelomeric Y' regions, which triggers both DNA damage (Chk1, Mec1 and Rad9) and spindle (Mad2) checkpoint pathways [159] . Rad9, therefore, seems to be critical for cell cycle arrest in many strains that have telomere defects. In a recent study Lazzaro et al. provided evidence for a mechanism governing the negative regulation of ssDNA accumulation by Rad9 at telomeres; they suggested that the binding of Rad9 to methylated histone H3-K79 inhibits a Rad50-dependent resection process at uncapped telomeres [168] .
Studies of telomere uncapping revealed an important role for Exo1 in degradation of DNA ends. Although exo1Δ mutants show no telomere length defects [61, 107] , the exo1Δ mutation suppressed the temperature dependent growth defects and reduced ssDNA accumulation in yku70Δ and cdc13-1 mutants cultured at restrictive temperatures, suggesting that Exo1 creates ssDNA at telomeres in the absence of Cdc13 or the Ku heterodimer [159, 169] . Moreover, Exo1 but not Mre11 was shown to be essential for generating ssDNA at telomeres, because exo1Δ suppressed the accumulation of telomeric ssDNA and relieved the cell cycle arrest in yku70Δ mre11Δ double mutants [159] . The short-telomere phenotype displayed by yku80Δ mutants is partially suppressed by exo1Δ suggesting Exo1 plays a direct role in telomere shortening [170] . However, studies in S. pombe showed that EXO1 deletion does not suppress accumulation of ssDNA in taz1Δ rad50Δ pku70Δ strains [82] . Instead, Rad50 and Dna2 are required for ssDNA generation at uncapped telomeres [148] . Recently, the role of Exo1 at uncapped telomeres in mice was demonstrated and it was found to be similar to the one observed in budding yeast. In particular, Exo1 was shown to participate in the formation of ssDNA, RPA recruitment and ATR activation in response to telomere dysfunction [171] . Notably, mice lacking Exo1 lived significantly longer than control mice expressing Exo1, suggesting that regulation of Exo1 activity can affect mammalian cell responses to uncapped telomeres and mammalian lifespan [171] .
One intriguing feature of telomere resection is the more notable role played by checkpoint proteins, especially the Rad24/RFC clamp loader and the 9-1-1 checkpoint clamp [172, 173] . Rad24, similarly to Exo1, is important for generating ssDNA at telomeres of cdc13-1 mutants, but unlike Exo1, Rad24 is not required for generating ssDNA at yku70Δ telomeres [159, 169, 173] . Thus, Rad24 contributes to ssDNA production at telomeres by regulating a nuclease (ExoX) other than Exo1 and genetic studies have excluded Mre11, Rad2, Din7, Yen1 and Nuc1 from this role [169] . To date, the identity of ExoX remains elusive. Considering the recently identified role of Sgs1-Dna2 in resection and the finding in S. pombe that Dna2 is involved in the generation of the G rich overhangs, it will be interesting to address whether Sgs1 and/or Dna2 are involved in processing uncapped telomeres in budding yeast [85, 114, 115, 148] . In a recent study, sgs1Δ was shown to confer a similar phenotype to exo1Δ in suppression of the senescence phenotype of tlc1Δ (RNA component of telomerase) rad52Δ double mutants by promoting formation of large palindromes at chromosome ends [174, 175] . This is thought be due to delayed resection of uncapped ends and generation of fold-back structures at singlestranded regions, similar to the mechanism proposed for palindrome formation next to DSBs in sae2Δ mutants [87] , and is consistent with the notion that Sgs1 is able to access and degrade uncapped telomeres.
Concluding Remarks
Our understanding of how DNA ends are resected has advanced considerably with the discovery of Sgs1 and Dna2 as components of a redundant processing pathway. Current data suggest a model in which the MRX complex and Sae2 perform the initial processing step to remove an oligonucleotide from the 5′ ends; in a second step processive resection by either Sgs1-Dna2 or Exo1 results in formation of long 3′ ssDNA tails. Whether these alternative mechanisms are completely overlapping or have specialized roles at different phases of the cell cycle, or at different substrates remains to be determined. The recent identification of Sae2 as a target of CDK1 to limit resection to the S and G2 phases of the cell cycle, and Exo1 as a target for down-regulation of resection in response to checkpoint activation suggest these processes are highly regulated.
Figure 1. Models for DSB repair by homologous recombination
The first and common step in all mechanisms is the 5′ to 3′ degradation of the DSB ends, to generate to invasive 3′ ssDNA tails (arrowhead). In the DSBR pathway, after priming DNA synthesis (dashed lines), second end capture allows formation of a double Holliday junction, whose resolution can lead to either crossover or non-crossover products. In the SDSA pathway, the 3′ end is displaced, it pairs with the other 3′ single stranded tail and DNA synthesis completes repair. The SSA pathway is restricted to DSBs that occur between direct repeats. Extensive resection of the ends reveals the complementary sequences, which can then anneal resulting in the deletion of one of the repeats and the intervening sequences. A. After meiotic DSBs are formed, Spo11-bound ends are poor substrates for Exo1 or Sgs1-Dna2, but when processed by MRX-Sae2 to remove Spo11 and form short 3′ overhangs they can be used by either Exo1 or Sgs1-Dna2. Whether Sgs1-Dna2 functions in processing meiotic DSBs remains to be determined. B. In G1, when Sae2 is not phosphorylated by CDK, the ends are preferentially bound by Ku70-Ku80 channeling repair to the NHEJ pathway. In G2, activation of Sae2 by CDK, leads to trimming of DSB ends, dissociation of the MRX complex from the DSB ends and generation of short RPA bound ssDNA overhangs. This trimming step could potentially inhibit Ku70-Ku80 binding and instead promote extensive resection by Sgs1-Dna2 or Exo1.
